Mutations associated with fluoroquinolone resistance in clinical isolates of Proteus mirabilis were determined by genetic analysis of the quinolone resistance-determining region (QRDR) of gyrA, gyrB, parC, and parE. This study included the P. mirabilis type strain ATCC 29906 and 29 clinical isolates with reduced susceptibility (MIC, 0.5 to 2 g/ml) or resistance (MIC, >4 g/ml) to ciprofloxacin. Susceptibility profiles for ciprofloxacin, clinafloxacin, gatifloxacin, gemifloxacin, levofloxacin, moxifloxacin, and trovafloxacin were correlated with amino acid changes in the QRDRs. Decreased susceptibility and resistance were associated with double mutations involving both gyrA (S83R or -I) and parC (S80R or -I). Among these double mutants, MICs of ciprofloxacin varied from 1 to 16 g/ml, indicating that additional factors, such as drug efflux or porin changes, also contribute to the level of resistance. For ParE, a single conservative change of V364I was detected in seven strains. An unexpected result was the association of gyrB mutations with high-level resistance to fluoroquinolones in 12 of 20 ciprofloxacin-resistant isolates. Changes in GyrB included S464Y (six isolates), S464F (three isolates), and E466D (two isolates). A three-nucleotide insertion, resulting in an additional lysine residue between K455 and A456, was detected in gyrB of one strain. Unlike any other bacterial species analyzed to date, mutation of gyrB appears to be a frequent event in the acquisition of fluoroquinolone resistance among clinical isolates of P. mirabilis.
Proteus mirabilis is a frequent cause of urinary tract infections that are often persistent and difficult to treat (17) . As an opportunistic pathogen, P. mirabilis infects wounds, burns, the respiratory tract, and other sites. In addition, recent studies suggest that P. mirabilis may play a role in rheumatoid arthritis (5, 18) . The development of broad-spectrum fluoroquinolones provides new treatment options for P. mirabilis infections, including those caused by strains resistant to other classes of antimicrobial agents. Although fluoroquinolone resistance has been relatively slow to emerge in this species, recent reports indicate an increase in the incidence of clinical isolates of P. mirabilis with decreased susceptibility or resistance to older fluoroquinolones, such as ciprofloxacin (4, 7) .
The primary mechanisms of resistance to fluoroquinolones are mutations that result in alteration of the target proteins, DNA gyrase (encoded by gyrA and gyrB) and topoisomerase IV (encoded by parC and parE), and decreased intracellular drug accumulation due to drug efflux or changes in outer membrane proteins. In several species of Enterobacteriaceae, including Escherichia coli, Citrobacter freundii, Klebsiella spp., and Enterobacter spp., decreased susceptibility or resistance to fluoroquinolones is associated with specific point mutations in gyrA. Additional mutations in the gyrase or topoisomerase IV genes contribute to higher levels of resistance (20, 21, 23) . These mutations generally occur in highly conserved areas of the genes designated the quinolone resistance-determining regions (QRDRs) (25) . The DNA sequences of these genes have not been reported for P. mirabilis, and therefore, mutations associated with fluoroquinolone resistance in P. mirabilis have not been identified. The purpose of this study was to determine the DNA sequence of the QRDR of gyrA, gyrB, parC, and parE in the fluoroquinolone-susceptible type strain of P. mirabilis, to characterize mutations in clinical isolates with decreased susceptibility or resistance to fluoroquinolones, and to analyze the associated MICs for patterns of cross-resistance among this class of antimicrobial agents.
MATERIALS AND METHODS
Bacterial strains and determination of fluoroquinolone susceptibility profiles. Clinical isolates were obtained during the Intensive Care Antimicrobial Resistance Epidemiology study, in which isolates were collected from hospitals across the United States between 1994 and 1999 (2). Strains selected for DNA sequence analysis were chosen to represent diverse geographical locations and a range of MICs of fluoroquinolones. Susceptibility profiles were determined by the broth microdilution method with cation-adjusted Mueller-Hinton broth (Difco Laboratories, Detroit, Mich.) according to the methods of the NCCLS (13 DNA sequence analysis. With the exception of the gyrB reverse sequence, degenerate PCR primers were also used as sequencing primers in dRhodamine Terminator cycle sequencing reactions following the manufacturer's protocol (Applied Biosystems), except the annealing temperature was increased to 52°C (55°C for the gyrB reverse sequence primer). Due to high background in the DNA sequences obtained with the reverse PCR primer, an additional primer was designed using the sequence data from the gyrB forward primer (Table 1) . To eliminate possible errors due to amplification artifacts, the forward and reverse sequences were determined using products of independent PCRs. DNA and derived amino acid sequences were analyzed with DNAsis for Windows (version 2.5; Hitachi Software Engineering Co., Ltd., South San Francisco, Calif.).
Nucleotide sequence accession numbers. The partial DNA sequences of gyrA, gyrB, parC, and parE from P. mirabilis ATCC 29906 were submitted to GenBank and assigned accession numbers AF397169 (gyrA), AF503506 (gyrB), AF363611 (parC), and AF503505 (parE).
RESULTS AND DISCUSSION
The degenerate oligonucleotide primers designed for this study were based on regions of DNA encoding conserved amino acid sequences in GyrA and ParC from several species of Enterobacteriaceae (23; L. M. Weigel, G. J. Anderson, and F. C. Tenover, Abstr. 101st Gen. Meet. Am. Soc. Microbiol., abstr. A-57, 2001) and gyrB and parE sequences in the GenBank database. Primers for gyrA amplified the expected 335-bp gene fragment from the P. mirabilis type strain, ATCC 29906, corresponding to nucleotide positions 103 to 437 of the E. coli gyrA sequence (data not shown). This gene fragment (excluding primer sequences) encoded amino acids 41 to 138 (Fig. 1) . Alignment of the 120-bp gyrA QRDR of P. mirabilis with analogous sequences from E. coli (19) and P. aeruginosa (11) revealed nucleotide identities of 80.0 and 78.4%, respectively (data not shown). The derived amino acid sequence of the QRDR from GyrA of P. mirabilis ( Fig. 1, underlined) was highly conserved compared with corresponding sequences from other gram-negative organisms and differed from that of E. coli at only three positions: a conservative change of D87E and the exchange of methionine and leucine at two positions, M92L and L98M. These three amino acid variations are also found in GyrA of Providencia stuartii (23) and Aeromonas salmonicida (14) .
Amplification of the gyrB gene fragment produced the expected 571-bp product corresponding to nucleotides 936 to 1506 of the E. coli gyrB gene sequence (data not shown). The derived amino acid sequence encompassed residues 319 to 493 (Fig. 1) . Compared with analogous sequences of gyrB from E. coli (24) and P. aeruginosa (GenBank AB005881) nucleotide sequence identities were 78.9 and 68.2%, respectively (data not shown). Comparison of the aligned GyrB amino acid sequences from the three species revealed both conserved and variable regions.
The parC primers amplified a 389-bp gene fragment corresponding to nucleotide positions 91 to 479 of the E. coli parC sequence (10) (data not shown), which encode amino acids residues 38 to 153 (excluding primer sequences [ Fig. 2] ). The nucleotide sequence of the parC QRDR from P. mirabilis shared 80.0% identity with the analogous region of parC from E. coli and 69.0% identity with that of P. aeruginosa (1) (data not shown). Alignment of the ParC amino acid sequences revealed a single conservative amino acid change of V100I in the QRDR (underlined in Fig. 2 ) when compared with E. coli. An additional change of F74Y was noted in the comparison of the P. mirabilis QRDR with that of P. aeruginosa. DNA and amino acid sequences outside the QRDR were less conserved.
Amplification of the parE gene fragment from P. mirabilis produced a 495-bp product corresponding to nucleotides 972 to 1466 of the E. coli parE (10) gene sequence (data not shown), which encodes amino acid residues 327 to 489 (excluding primer sequences [ Fig. 2]) . Alignment of the parE gene fragment with analogous sequences from E. coli and P. aeruginosa (1) revealed nucleotide identities of 74.4 and 60.4%, respectively (data not shown). Compared with E. coli and P. aeruginosa, the P. mirabilis ParE amino acid sequence was more variable than the ParC sequence (Fig. 2) .
Twenty-nine clinical isolates with various levels of decreased susceptibility or resistance to ciprofloxacin (MICs, 0.5 to Ͼ128 g/ml) were selected for genetic analysis. In addition to ciprofloxacin, fluoroquinolone susceptibility profiles of each strain were determined for clinafloxacin, gatifloxacin, gemifloxacin, levofloxacin, moxifloxacin, and trovafloxacin (Table 2) . Clinafloxacin showed the highest level of activity on a per-gram basis for all isolates tested, followed by levofloxacin and ciprofloxacin. In general, the MICs of the newer fluoroquinolones, gatifloxacin, gemifloxacin, moxifloxacin, and trovafloxacin, were higher than the MICs of ciprofloxacin and levofloxacin; however, for each of these agents, the MIC varied significantly 
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among strains with identical levels of resistance to ciprofloxacin, indicating that multiple factors contribute to the level of resistance to each agent. The DNA and derived amino acid sequences of the QRDRs of gyrA, gyrB, parC, and parE for each clinical isolate were compared with those of the type strain, ATCC 29906. Variation of the gyrA sequences was confined to those mutations associated with resistance (data not shown) with the exception of one silent nucleotide substitution, a C-to-T transition for nucleotide position 269, in 24 of the isolates. With only one exception, gyrA mutations resulted in amino acid changes of S83R or S83I in each isolate (Table 2 ). These amino acid changes are the same as those reported for fluoroquinoloneresistant P. stuartii (23) . The E87K change found in GyrA of one isolate (strain 4045) was also located in an amino acid position known to be associated with resistance in both grampositive and gram-negative organisms (8) . Unlike E. coli, in which high-level fluoroquinolone resistance is associated with double mutations in gyrA and an additional mutation in parC (20, 21) , no double mutations were detected in the gyrA gene fragment from isolates of P. mirabilis.
Sequence analysis of parC gene fragments from the clinical isolates revealed nucleotide substitutions in the following codons with no change in amino acid (compared with the type strain sequence): G78 (T to A, 15 strains), V87 (A to G, 18 strains), and F115 (C to T, 8 strains) (data not shown). The only other nucleotide substitutions detected in parC were mutations associated with fluoroquinolone resistance. All but one of the parC mutations occurred in the codon for S80, and like gyrA, these mutations resulted in a change of S80R or S80I. The exception, G78D (strain 5596), was an amino acid position also known to be associated with resistance in both grampositive and gram-negative organisms, although changes in this amino acid position have been reported less frequently than changes in S80 or E84 of ParC.
An unprecedented frequency of amino acid changes in the GyrB subunit was an unexpected result in this study. The gyrB mutations were generally seen in strains with high-level resistance to fluoroquinolones. Amino acid alterations of GyrB included S464Y, S464F, and E466D and a novel mutation in strain 5520 which introduced three nucleotides (AAG) between the codons for K455 and A456, resulting in the insertion of an additional lysine residue. All but one of the changes of GyrB/S464 occurred in association with a GyrA/Ser83R change. In addition, the GyrB/E466D mutation was seen only with a GyrA/S83I change, suggesting the possibility of a correlation between specific alterations in the structures of the two gyrase subunits. However, in one strain the gyrB mutation occurred without alteration of GyrA or ParC, indicating that this amino acid change in GyrB may be one of the initial mutations acquired in the evolution of resistance in this species. Although trovafloxacin and the two 8-methoxy quinolones, moxifloxacin and gatifloxacin, were the only agents for which decreased susceptibilities were detectable in this strain, the MICs of these fluoroquinolones were increased consistently in several repeats of the susceptibility tests, compared with the susceptible type strain and with the clinical isolate with no mutation in the gyrase or topoisomerase IV genes. Among other species, mutations of gyrB that are known to contribute to resistance are found in the codons for D435 and E474 in Streptococcus pneumoniae (15, 16, 22) , D437 and R458 in S. aureus (9) , and D426 in E. coli (12) . Gensberg et al. (6) have described a mutation associated with fluoroquinolone resistance in a clinical isolate of Salmonella enterica serovar Typhimurium that results in an S463-to-Y alteration of gyrB. This amino acid residue is not conserved in P. mirabilis but is adjacent to the S464Y (or S464I) change detected in this study, suggesting that alteration of serine in either position will affect susceptibility to fluoroquinolones.
Within the gene fragment amplified from parE, the only nucleotide substitution that resulted in an amino acid alteration was a conservative change of V364I in seven isolates. Although ParE alterations do not appear to play an important role in fluoroquinolone resistance among the isolates in this study, mutation of this subunit may occur following exposure of clinical isolates to the novel structures of new quinolone agents as they are introduced into clinical therapy.
A comparison of amino acid changes and fluoroquinolone MICs revealed no correlation between a double mutation (gyrA and parC) and the level of resistance (Table 2) . These double mutations were found in isolates with reduced susceptibility to fluoroquinolones and in isolates that were resistant. MICs of ciprofloxacin and levofloxacin were generally lowest for strains with mutations that resulted in changes of GyrA/ S83I and ParC/S83I. However, when both the GyrA and ParC changes resulted in serine-to-arginine substitutions or when the amino acid changes were mixed, arginine and isoleucine, there was no correlation of mutations with levels of resistance. Among the strains with three mutations, involving GyrA, GyrB, and ParC, MICs of ciprofloxacin ranged from 4 to Ͼ128 g/ml. These results indicate significant contributions to fluoroquinolone resistance by either additional mutations outside the conventional QRDRs or decreased intracellular drug accumulation due to active drug efflux or altered outer membrane proteins. Because many studies of fluoroquinolone resistance have not included analysis of gyrB or parE, the region designated the QRDR is not well defined and may be expanded as additional data are reported.
In summary, we report the DNA and derived amino acid sequences for the QRDRs of gyrA, gyrB, parC, and parE from -Y  --I  16  4  2  16  16  16  8  5596  R  -F  -D  -16  8  1  16  16  32  8  3790  R  -Y  --I  16  8  2  16  16  16  32  4069  R  -Y  --I  32  16  4  64  64  Ͼ128  32  3951  I  -Y  --R  128  32  4  64  32  32  Ͼ32  3750  R  -F  --I  128  64  8  128  128  64  32  3991  R  -Y  --I  Ͼ128  32  8  128  64  Ͼ128  Ͼ32 a Abbreviations: CIP, ciprofloxacin; CLX, clinafloxacin; GAT, gatifloxacin; GMX, gemifloxacin; LVX, levofloxacin; MXF, moxifloxacin; TVA, trovafloxacin. NCCLS breakpoints (susceptible, intermediate, resistant) are as follows: CIP, 1, 2, and 4 g/ml, respectively; LVX, 2, 4, and 8 g/ml, respectively. No breakpoints are available for CLX, GAT, MXF, TVA, or GMX.
b Amino acid positions numbered according to E. coli gyrA, gyrB, and parC sequences (10, 19, 24) . c -, no change from type strain sequence.
d Strain 5520 has a 3-nucleotide insert (AAG, encoding an additional lysine) in gyrB, between the codons for K455 and A456.
